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Gold particle interaction with few-layer graphenes is of interest for the development of numerous optical nanodevices. The 
results of numerical studies of the coupling of gold nanoparticles with few-layer vertical graphene sheets are presented. The 
field strengths are computed and the optimum nanoparticle configurations for the formation of SERS hotpots are obtained. 
The nanoparticles are modeled as 8 nm diameter spheres atop 1.5 nm (5 layers) graphene sheet. The vertical orientation is of 
particular interest as it is possible to use both sides of the graphene structure and potentially double the number of particles in 
the system. Our results show that with the addition of an opposing particle a much stronger signal can be obtained as well as 
the particle separation can be controlled by the number of atomic carbon layers. These results provide further insights and 
contribute to the development of next-generation plasmonic devices based on nanostructures with hybrid dimensionality. 
 
OCIS Codes: (240.6695) Surface Enhanced Raman Scattering, (240.6680) Surface Plasmons, (250.5403) Plasmonics, (310.6860) Thin 
Films, Optical properties. 
 
In optical sensing applications, surface area is an 
important factor in designing a detection system. The 
addition of metal nanoparticles to a surface can increase 
signal intensity and assist in fine tuning the location of 
desired resonance peaks [1]. In plasmon-based sensors, 
the interaction of nanoparticles with a sensing layer and 
the substrate also plays a role in determining the overall 
signal strength and the location of the plasmon resonance 
peak. The most common sensing systems are based on 
horizontal layers [2, 3], but this limits the available 
surface area to only one side of the material. By arranging 
the layers vertically one can more than double the surface 
area available for sensing. This is due to also having the 
edges of the sheets available for particle deposition. For 
Surface Enhanced Raman Spectroscopy (SERS) systems, 
this larger surface area may effectively double the 
number of particles that can be deposited on the surface. 
The increased number of particles allows for the 
formation of more hotspots whilst opposing particles with 
controlled separation via layer number can increase EM 
(electromagnetic) field strength through the paired 
particles coupling through the graphene sheet. The 
resultant increase in EM field also leads to a stronger 
SERS response [1]. 
Another benefit of the vertical graphenes-based systems 
is in controlling the resonances by adjusting the 
separation of opposing particles by the number of 
graphene layers. Our results suggest that by introducing 
an offset between the particles one can still have a 
coupling interaction, although with reduced intensity. 
Prior work [4] suggests that the system has a tolerance for 
an offset being present. The use of multiple layers of 
graphene also introduces a bandgap [5], which is essential 
in applications as active sensing elements. 
Graphene-based nano-carbon materials (graphenes) are 
made of horizontally or vertically arranged stacks of a 
small numbers of atomic carbon layers arranged in a 
hexagonal lattice. The graphenes are of strong interest for 
sensing applications due to their unique optical and 
electrical [6] properties. These properties underpin their 
potential applications in sensing [7, 8], energy storage [9],  
and photovoltaic devices [3]. Relatively low losses and 
strong EM confinement make graphenes suitable for 
surface plasmon-, SERS, or optical transparency-based 
sensors [10]. Decorating the surface with Au 
nanoparticles  (AuNPs) enables the generation of localized 
surface plasmons in the vertical graphenes (also termed 
vertical graphene nanosheets, VGNs) [11, 12] and similar 
systems [7, 13, 14]. The VGNs are of interest in this work.   
With the exception of the effect of a small bandgap, the 
plasmonic responses of the VGNs (typically 3-6 atomic 
layers thick) are quite similar to free-electron metals. 
Further reduction in their thickness may lead to 
graphene-specific plasmonic effects [15, 16]. These effects 
have been of strong recent interest, mostly because of the 
possibility to tune graphene’s responses by controlling its 
bandgap either through doping, introduction of layers [17] 
or gating [18]. This is an advantage of thin graphenes 
(e.g., 1-3 atomic layers) over thicker quasi-two-
dimensional systems with delocalized electrons. 
The application of metallic structures on graphene for 
use in SERS-based systems has prompted a large amount 
of research, with a focus on either using thin film coatings 
with graphene substrates [19], grown structures such as 
“snowflakes” [20] or through nanoparticles [7, 11, 21]. 
Previous work has been primarily experimental in nature, 
with simulations performed to confirm that the majority 
of the SERS signal was due to metallic interaction [22]. 
This work aims to simulate the interaction between 
AuNPs and VGNs to better understand the coupling 
interactions in the system and obtain the locations of the 
maximum coupling and the resultant SERS “hot spots”. 
By modeling various situations we determine the ideal 
separation distances between the particles and further 
adjust the plasmon resonance thus improving the systems 
viability. This letter initially covers the methods and 
model structure used, followed by a discussion of the 
results of our simulations.  
Modeling of interaction between the VGN and AuNPs 
was done using COMSOL Multiphysics. Three cases were 
modeled using the frequency domain solver for the 
wavelength range 450-700 nm, using 4 nm radius gold 
spheres atop a 1.5 nm few-layer graphene (equivalent to 5 
sheets) in air. The properties of gold were taken from 
Palik [23] and graphene properties from Weber et al [24].  
 
Fig. 1. Schematic of the cases modeled, (a) representing the single 
particle case, (b) representing the double particle and offset 
particle cases. The particle numbered 1 is the initial location and 
represents the double particle case, and the particle numbered 2 
represents the maximum offset modeled in the system. 
The initial case consisted of a single gold sphere resting 
atop the graphene (Fig. 1a). The second case was for a 
particle directly opposite on the sheet, and offsets of 5nm 
and 10nm introduced, centre to centre (Fig. 1b). Due to 
the relative scales of the graphene compared to the AuNP 
it was treated as an infinite plane using a perfectly 
matched layers approximation and the extinction 
spectrum was calculated using the Stratton-Chu 
formulation [25]. All the models were performed with the 
field incident along the plane of the sheet in the x 
direction with s polarization to maximize coupling 
between the AuNP and graphene, with the particle offset 
introduced in the negative x direction. The models are 
based on classical physics and do not take into account 
quantum mechanical effects which may affect signal 
intensity as well as peak number/quantization and 
locations [26, 27]. A more robust approach addressing the 
quantum effects and accounting for losses will be the 
subject of future work.  
For a single AuNP on a graphene sheet, the simulation 
predicts an extinction peak at 527 nm with the graphene 
having limited interaction with the incident field (Fig. 2a, 
b). The introduction of a graphene sheet served to amplify 
the intensity of the extinction spectrum and slightly red 
shift the peak. The addition of a directly opposing particle 
yields a red shifted peak at 560 nm of greater intensity 
(Fig. 2a, c). In the case of two particles the field shows an 
intense coupling, heavily localized at the point of contact. 
In Fig. 2b, the electric field plot shows that for a single 
particle, coupling is relatively weak and the penetration 
into the graphene drops off rapidly with greatest field 
concentration at the point of contact. The field peaks at 
~29 V/m but this occurs in the space between the particle 
and the graphene rather than inside either material. Fig. 
2c shows that for two directly opposing particles, we have 
peak field strength at ~101 V/m occurring both in the 
space between the AuNP and the graphene as well as at 
the point of contact. It can be seen that an intense 
coupling interaction occurs at this point with the field now 
strongly coupled inside the graphene. 
 
Fig. 2 (a) The extinction spectrum comparing the single and 
double particle case. The resultant EM (electric) field plots for the 
(b) single  and  (c) double particle cases. Geometry is represented 
by the gray regions. 
 
Fig. 3. shows the SERS response for the single particle (a) and 
double particle (b) cases. The scale to the right of each image is 
the legend for that modeled SERS output. The grey regions 
represent the geometry of the particle and graphene layers. The 
units are in V/m. 
Fig. 3 shows the SERS response (E4) of the system, with 
Fig. 3a showing that the SERS hot spot or region of 
greatest intensity in the single particle system will occur 
in the air region between the AuNP and the graphene. 
This is also the case for Fig. 3b, with the graphene 
experiencing very little field penetration. The coupling can 
still be faintly seen in these SERS plots and directly 
comparing the peak values, we can see that the coupling 
interaction plays a role in the SERS signals intensity. 
For the single particle case, the SERS signal peaks at 
~7.3 × 105 V/m whereas for the double particle case it 
peaks at 1.09 × 108 V/m. These SERS plots are for the 
resonance peak discussed in Fig. 2. Comparing the field 
plots from Fig. 2 to the SERS plots in Fig. 3, we can see 
that the region in air between the particle and the 
graphene has the highest intensity field, directly 
correlating to the region with the greatest SERS response 
in Fig. 3. Whilst there is a dipole response on the particles 
themselves, the only visible SERS hotspot occurs near the 
contact region between the AuNP and the VGN. 
The purpose of modeling an offset second particle is to 
determine the effect a large offset on the coupling 
intensity and the resulting simulated SERS signal. With 
the addition of a second particle the intensity increases 
and a distinctive red shift of at least 33 nm for the 
plasmon resonance is observed. Introduction of the second 
particle allows for an increase in coupling intensity 
between the particle and the nanosheet, of up to 3 orders 
of magnitude for the SERS response. 
 
Figure 4 shows the extinction spectrum (a) for the 5 nm and 10 
nm offset cases, with the field plots for the 5 nm (a) and 10 nm (b) 
offset cases plotted below. The scale to the right of the EM plots 
has been adjusted to better visualize the field strengths and 
applies to both (a) and (b). 
For the offsets, the extinction peaks occurred at 540 nm 
and 532 nm for the 5 nm and 10 nm offsets, respectively 
(Fig. 4a). Thus, the coupling between the particles at 5 nm 
(Fig. 4b) is weaker at ~48 V/m as opposed to when the 
particles are directly offset with a peak of ~101 V/m. At 10 
nm offset, the peak strength is further reduced to ~37 V/m 
with the resonance peak occurring at the same location as 
in the single-particle cases. The EM plot in Figure 4c for 
the 10 nm offset suggests that there is weak coupling at 
this point, allowing for a more diffuse field in the system 
without causing a red-shift in the resonance. This feature 
can be used when a system requires a certain resonance 
and an induced shift could result in a weaker response 
but still utilize the field enhancement due to the 
nanosheet. 
Fig. 5a shows the SERS plot for the 5 nm offset, and as 
with the prior cases, the strongest SERS response occurs 
in the air region between the upward curve of the particle 
and the VGN. From Fig. 3b, we saw the SERS peak at 
 
Fig. 5 presents the SERS signal for the (a) 5 nm and (b) 10 nm 
offset cases. It can be seen that the hotspot itself still forms 
directly between the particle and the graphene. The physical 
scale has been adjusted for (b) to better show the SERS hotspot 
beneath each particle and the gray regions represent the 
geometry of the system. 
~1.09 × 108 V/m for directly opposing particles, but with 
a 5 nm offset this drops to 6.1 × 106 V/m, a decrease of two 
orders of magnitude. As we increase the offset to 10 nm, 
the value drops further to ~2.05 × 106 V/m. This suggests 
that whilst there is still a limited coupling through the 
graphene between the particles that the SERS response is 
at its greatest when direct coupling can occur. 
Our simulations show that the AuNP-VGN interaction 
is limited to the direct interface point between the two 
materials, with the field evanescent into the nanosheet 
but with an intense response in the air region directly 
between the particles and the graphene. This region 
directly corresponds to formation of the SERS hotspot and 
increases in intensity with the addition of a directly 
opposing particle. The introduction of a second particle 
results in an increase in field strength of up to 3 times and 
an increase in the SERS response of about 2 orders of 
magnitude. This double particle interaction also showed a 
degree of field confinement between the opposing 
particles, with the field showing greatest intensity at the 
contact region before rapidly dropping off in strength. This 
high density field region could be due to a plasmon 
coupling interaction between the AuNP and the graphene 
sheet as well as being influenced by the strong field region 
between the particle and the graphene sheets. 
This confinement effect is slightly more visible in the 
offset cases with the field strength existing primarily 
between the two particles contact points. As the offset 
increases, direct coupling ceases to occur, but the fringe 
regions of the field still show coupling between the 
particles, and the relative intensities of the peak EM and 
SERS responses when compared to the single particle 
case suggest some degree of coupling is still occurring, 
even if greatly reduced. This effect, whilst resulting in a 
lower intensity response, could allow for greater 
interaction with the graphene rather than limiting the 
interaction to the contact region. This could allow for 
coupling over a much larger region between particles 
arrayed in a row, or alternatively, decorating opposing 
sides of the sheet with offset particles to ensure a 
homogenous spread of the field as well as maintaining a 
relatively strong response. Ideally, the offset particles will 
be closer to each other in order to ensure greatest coupling 
interaction and as a result, a stronger SERS signal [28]. 
From this we show that a vertical system allows for 
greater signal strength in a small area and has a 
tolerance for cases where particles are not in direct 
opposition to each other. This could be useful in an 
ordered system in order to allow greater propagation of 
the plasmon along the surface or alternatively through 
the nanosheet itself. The field confinement effect seen in 
the EM plots shows that even when separated over a 
relatively large distance, the particles will still couple, and 
allow for a greater intensity response than possible by 
coating a single side of the nanosheet. 
Possible future avenues of study would be to test these 
systems of AuNP arranged in rows and columns to 
determine the influence an ordered system has on both 
the intensity of the EM field and resultant SERS signal, 
and to quantify the coupling along the VGN plane rather 
than just the interactions between particles opposing each 
other. This could also be useful in designing systems of 
limited numbers of particles which still produce a large 
signal response due to the vertical nature of the system. 
Methods of increasing the SERS signal, such as by 
altering particle geometry or introducing further close 
packed particles might also be considered to better 
understand the effect of the contact region on the 
resultant signal. More complex models taking into 
account quantum effects are required in these cases. 
Rigorous account of losses of the energy of evanescent 
fields of the localized surface plasmons within the 
graphene nanosheets is also on the agenda. These losses 
may be related to the coupling to optical phonons [29] or 
scattering on numerous defects that are present in the 
experimentally demonstrated VGNs, as well as some 
other mechanisms that require further studies.      
Our results suggest that hot-spots form at the contact 
region between the AuNP and VGN, and that by 
introducing an opposing particle one can greatly amplify 
the intensity of the hot-spot. Introducing an offset makes 
it possible to spread the interaction over a greater area, 
which could allow for greater access to the resultant field 
that may propagate inside the few-layer graphene sheet. 
Further study into the influence of the contact region and 
methods of taking advantage of this hot-spot formation 
could improve SERS sensor performance and our 
understanding of graphene-plasmon interactions. 
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